[Purpose] The present study was performed to clarify the influence of the vestibulorespiratory and peripheral reflexes on ventilation when standing on one leg. Ventilatory responses and metabolic responses under various vision and platform conditions were investigated and the responses in phases I and II were compared.
INTRODUCTION
In kinematics, respiratory and postural control are known to be related. Abdominal muscles are not only expiratory muscles but also play an important role in postural control because they are involved in trunk flexion and lateral bending. In addition, the diaphragm, which is an inspiratory muscle, consists of the abdominal cavity with the pelvic floor muscles and abdominal muscles. Contraction of these muscles raises the intraabdominal pressure and therefore improves postural control function. Thus, clinical observations indicate that respiratory and postural control are related through muscle function by kinematics.
Physiologically, the relationships between respiratory and postural control are called the vestibulorespiratory reflex and the peripheral reflex. There have been a number of reports regarding the vestibulorespiratory reflex in animals [1] [2] [3] [4] and humans [5] [6] [7] [8] . Yates et al. suggested that electrical stimulation of the vestibular nerve reflexively causes contraction of the diaphragm, abdominal muscles, and upper airway muscles, leading to increases in respiratory frequency and tidal volume [2] [3] [4] . Monahn et al. reported that passive neck pitching and rolling caused respiratory frequency to increase and respiratory time to shorten 8) .
There have been several studies of the peripheral reflex in animals [9] [10] [11] and humans 12, 13) . McCloskey and Mitchell, and Raimondi et al. suggested that ventilatory responses were induced by electrical stimulation of the muscles' afferent nerves in animals 9, 11) . Miyamura et al. and Sato et al. suggested that ventilatory drive was induced by passive one-leg exercise 12, 13) .
Clinical experiments on the vestibulorespiratory reflex and peripheral reflex have been reported [13] [14] [15] [16] [17] [18] [19] . Miyamura et al. suggested that tidal volume was increased significantly by passive rotation of sitting subjects 16) , and Sato et al. suggested that this response was greater in endurance runners than in untrained subjects 18) . Thurrell et al. suggested that respiratory frequency was increased significantly by passive rotation of standing subjects, and this response was lower in patients with bilateral vestibular loss than in normal subjects 19) . Kita et al. suggested that respiratory frequency was increased and expiratory time was shortened when balancing on one leg with the eyes closed, and the main factors involved in these responses were the vestibulorespiratory reflex, peripheral reflex, and central command 14, 15) . Moreover, Bell suggested that the vestibulorespiratory reflex was related to ventilatory responses during gait, running, and sports 20) .
However, in these studies, metabolic variables as indices of exercise intensity were not evaluated, and exercise intensity, which influences ventilatory responses, was not discussed. Thurrell et al. and Kita et al. did not take phase into account, which is a property of ventilatory response 15, 19) . Phase I, in which ventilation is not influenced by metabolism, involves neurogenic responses. The influence of metabolism is observed after Phase I. Measurements and evaluation times in these studies i n v o l v e d b o t h P h a s e s I a n d I I . T h e r e f o r e , t h e vestibulorespiratory reflex and peripheral reflex were not identified. Furthermore, ventilatory responses in Phase I need investigation to identify the vestibulorespiratory reflex and the peripheral reflex.
The present study was performed to clarify the clinical influence of the vestibulorespiratory and peripheral reflexes on ventilation. Therefore, we analyzed not only ventilatory variables during exercise but also metabolic variables to investigate the influence of exercise intensity. Moreover, these measurement variables were compared separately in Phases I and II, respectively. The task in this study involved balancing the whole body on one leg for 1 min, and platform and vision conditions were altered to control the input to the vestibular and proprioceptive systems. We compared ventilatory and metabolic responses to alterations of these conditions and discuss the influences of input to the vestibular and proprioceptive systems on ventilation. From the results, we examined the clinical presence of the vestibulorespiratory and peripheral reflexes.
SUBJECTS AND METHODS

Subjects
Twenty healthy subjects (9 men and 11 women), aged 22.0 ± 1.7 years (mean ± SD), gave their informed consent to participate in this study according to the guidelines of the Tokyo Metropolitan University Ethics Committee. All subjects were healthy and had no history of motion sickness or cardiovascular disease, and were not taking any medication.
Methods
Respiratory rate (RR), inspiratory duration (Ti), expiratory duration (Te), tidal volume (Tv), minute ventilation (V E ), and oxygen uptake divided by body weight (V O 2 ) were measured for each subject during the balance task. Ventilation and gas exchange responses were monitored continuously using a computerized system consisting of a respiratory flowmeter and O 2 and CO 2 analyzers (AE-280; Minato Medical Science, Osaka, Japan). The calculations for ventilation and gas exchange measures were performed on a breath-by-breath basis, but mean values were recorded for the periods of Start, Phase I, and Phase II, respectively.
Subjects were instructed to stand in their bare feet with their eyes open, and with their hands placed at their sides for 1 min to determine Start as the control period. After the control period, the subjects performed a total of 8 tasks in the present study, including rest standing with their eyes open or closed (RO and RC, respectively), standing on one leg on the flat with their eyes open or closed (FO or FC, respectively), standing on one leg on the upward slope with their eyes open or closed (SO or SC, respectively), and standing on one leg on the unstable platform with their eyes open or closed (UO or UC, respectively). All tasks lasted for 1 min. Alterations to visual conditions were performed to manipulate afferent inputs to the visual system. The upward sloping platform had a slope of 10° increasing afferent inputs to the proprioceptive system to a greater extent than the flat platform condition due to stretching of the gastrocnemius. The unstable platform (Sammons Preston, Toronto, ON, Canada) rocked randomly back and forth which increases afferent inputs to the vestibular system relative to the flat platform condition. All tasks were performed in a random sequence by each subject. To prevent fatigue, subjects were given sufficient time to rest between balancing tasks. After the rest period, it was confirmed that all variables had recovered, and subjects went through a control period of 1 min before begining the balance tasks again. If the subjects lost their balance while standing on one leg, they were instructed to return immediately to standing on one leg.
All experimental results are presented as the means ± SD for Start, Phase I, or Phase II. In this study, Start was defined as the control period. Phase I was defined as the first 20 s after commencement of the balance task. Phase II was defined as the 20-s period from the 40 s mark until the end of the 1-min task.
As there were some possibilities that Phase I would not be observed in certain exercise modalities such as static exercise, initially statistical analyses of RR data obtained from Start, Phase I , and Phase II were performed using analysis of variance (ANOVA) with repeated measures for each task to identify whether or not there was a Phase I in this study. Main effects were further explored with post hoc tests. The Bonferroni test was used to explore differences among periods where equivalence of variances was assumed, and the Games-Howell test was used if the variances were heterogeneous. As Phase I is defined as an "abrupt" increase in ventilation immediately after the start of exercise, Wilcoxon's rank-sum test was performed to compare the rates of increases in RR data between Phase I and Phase II. The rates were calculated as the increments in RR in Phase I or II divided by 20 s. Furthermore, the effects of eye and platform conditions on RR, Ti, Te, Tv, V E , and V O 2 in each phase were confirmed by two-way ANOVA. Significant main effects were analyzed further with post hoc tests using the Bonferroni test to explore differences among conditions when the equivalence of variances was assumed, a n d t h e G a m e s -H o w e l l t e s t i f v a r i a n c e s w e r e heterogeneous. The level of significance was chosen as p < 0.05.
In Phase II, the relationship between ventilatory and metabolic response to the task used in the present study was evaluated by calculation of Pearson's correlation coefficient between RR or V E , and V O 2 for the task performed under each condition by each subject. In the present study, the mean value of each subject's correlation coefficient (r) was used for the correlation analysis. Table 2 . The results of ANOVA with repeated measures on each variable indicate a significant main effect of the "platform" condition on RR, Ti, Te, V E , and V O 2 (p < 0.01, all variables), and a significant main effect of the "eyes" condition was observed on RR, Te, V E , and V O 2 (p < 0.05, Te; p < 0.01, others). Subsequent post hoc analyses were carried out on RR, Ti, Te, V E , and V O 2 . RR, VE, and V O 2 were significantly different between SO and RO (p < 0.05, RR, p < 0.01, V E and V O 2 ) and RR, V E , Te, and V O 2 were significantly different between SC and RC (p < 0.05, RR; p < 0.01, others). V E and V O 2 were significantly different between UO and RO (p < 0.01, both). RR, V E , and V O 2 were significantly different between UC and RC (p < 0.01, all). Moreover, RR and V E , significantly different between UC and FC (18.0 ± 5.4 and 25.4 ± 5.7 beats/min for FC and UC and 9.73 ± 2.85 and 17.10 ± 6.04 mL/min for FC and UC ; p < 0.05, both). Also, V O 2 was significantly different between UC and FC (4.26 ± 1.29 and 9.54 ± 3.18 mL/min/ kg for FC and UC; p < 0.01). From these results, the correlations between RR and V O 2 , and V E and V O 2 in the eyes closed condition for each subject were calculated and the influence of metabolism on the ventilatory response was examined. The mean value of the correlation between RR and V O 2 was r = 0.73, and that between V E and V O 2 was r = 0.96, showing strong correlations between these variables.
RESULTS
Mean
DISCUSSION
Ishida et al. suggested that Phase I is prominently observed in dynamic exercise but less significantly in static exercise 21) . The task of standing on one leg is a relatively static form of exercise. In the present study, Phase I was observed as an abrupt increase in the respiratory rate in the eyes closed condition and unstable platform condition, which were used to increase the input to the vestibular system 22, 23) . These results suggest the existence of the vestibulorespiratory reflex. However, as significant differences from the flat platform to the unstable platform conditions were not found in the comparison of ventilatory variables in Phase I (Table 1) , it is difficult to conclude that the factor of the ventilatory drive in Phase I was the vestibulorespiratory reflex. Furthermore, the ventilatory drive may have been due to other neural factors, such as central command. In Phase II, there were significant differences in RR and V E between the flat and unstable platform conditions with the eyes closed ( Table 2) . There was a similar significant difference in V O 2 under the same conditions. For these significant changes, correlations between these ventilatory variables and V O 2 , the metabolic variable, were examined, and these correlations were very strong. These results suggest that ventilatory drives in Phase II were not related to a neural factor but were caused by bodily fluid changes arising from metabolic processes activated by exercise.
Previous studies have suggested that ventilatory drive is caused by passive rotation with antigravity posture in the yaw plane, and this response is influenced by the vestibulorespiratory reflex 13, [16] [17] [18] [19] . In particular, it was reported that this response was observed in healthy subjects but not in patients with bilateral vestibular loss, and this result supports the clinical existence of vestibulorespiratory reflex 19) . However, this reflex was not observed in the present study. We consider the difference in results arises because the inputs were different since different tasks were used in each study. Tasks of rotation in the yaw plane specifically stimulate the semicircular canal 13, [16] [17] [18] [19] , while the tasks in the present study did not stimulate a specific organ. Vestibular function plays a role in postural control in sports and daily activity. As the vestibular organ is stimulated by gravity, acceleration, and rotation under these activities, it is unlikely that only the semicircular canal is stimulated. Therefore, we didn't perform interventions, such as stimuli to specific vestibular organ, to examine the clinical existence of the vestibulorespiratory reflex in the present study. The vestibulorespiratory reflex wasn't observed while standing on one legon all the different p l a t f o r m s , t h e r e f o r e , w e s u g g e s t t h a t t h e vestibulorespiratory reflex dosen't clinically influence ventilatory drive.
On the other hand, with regard to peripheral reflex, abrupt increases in RR were not found in SO, and the results for the upward sloping platform condition were not significantly different from those for the flat platform condition regarding ventilatory variables in both Phases I and II (Table 1 and 2) . Consequently, it is difficult to determine whether the input to the peripheral system was responsible for the ventilatory drive during the postural control exercise. In previous studies, electrical stimulation of the gastrocnemius in animals 10, 11) and passive leg exercise in humans 12, 13) induced ventilatory drive, so in the present study the task of standing on one leg on the upward sloping platform was selected to facilitate afferent inputs to the proprioceptive system. However, the peripheral reflex results in the present study were different from those in previous studies. Therefore, the effect of gastrocnemius stretching due to standing on the sloping platform may not have been sufficient to induce ventilatory drive.
In addition, the influence of the visual sense on the ventilatory drive during the postural control exercise was observed in Phase II but not in Phase I. This result is the same as that reported previously 17) , suggesting that visual sense may not contribute to ventilatory responses at the onset of exercise. In addition, the reason why significant main effects of the eyes condition were observed on RR, Te, V E , and V O 2 in Phase II in the present study was that the ventilation responded to the increments in metabolic rate with increase of the exercise difficulty and intensity due to eyes being closed. Therefore, although Kita et al. suggested that the vestibulorespiratory reflex and peripheral reflex could influence ventilation when standing on one leg 14, 15) , these mechanisms were not manifested in the present study.
In conclusion, this study demonstrated that the vestibulorespiratory reflex and the peripheral reflex are not the determining factors of ventilatory drive while standing on one leg. The reason why the influences of these reflexes were observed in previous studies, but not in the present study, may be due to the differences in the methods and amounts of intervention. Moreover, this difference in results may be due to the existence of central command. In the present study, greater increments in ventilatory variables in Phase I were observed during the tasks including high-level activity, which was estimated from the value of V O 2 . The present results suggest the influence of central command in voluntary exercise, which may mask the influences of the vestibulorespiratory reflex and the peripheral reflex on ventilatory drive. Further studies are required to confirm this supposition.
